The subceliular distribution of fructose 2,6-bisphosphate in spinach (Spinacia oleracea) leaves was studied using nonaqueous fractionation, showing that all, or almost all, is located in the cytosol. The amount of fructose 2,6-bisphosphate present in leaves during the diurnal cycle was measured and compared to the accumulation of starch and sucrose, and the amounts of selected phosphorylated intermediates in the leaf. Upon illumination, the level offructose 2,6-bisphosphate decreases, but prolonged illumination leads to an increase in the level to above that found in the dark, which accompanies the onset of rapid accumulation of starch in the leaf.
F2,6P22 plays an important role in the regulation of glycolysis and gluconeogenesis in animal tissues (5) . Recently, it has been shown that leaves contain substantial quantities of F2,6P2 (1, 10) , that both the stromal FBPase (10) and the cytosolic FBPase (1, 10) are inhibited by F2,6P2, and that the cytosol contains a PFP which is stimulated by F2,6P2 (1, 10) . However, the role of F2,6P2 in photosynthetic metabolism was not revealed by these investigations. We have now studied the distribution of F2,6P2 between the chloroplast and cytosol in whole leaves, and investigated the extent to which the level of F2,6P2 varies during the light and dark.
MATERIALS AND METHODS Spinach (Spinacia oleracea, var United States Hybrid 424 from Ferry Morse Seed Co., Mountain View, CA) was grown in water culture according to Lilley and Walker (6) with a 9-h light/15-h dark cycle (light intensity), and a temperature of 22°C in the light and 16°C in the dark. The leaf material had photosynthetic rates of 100 to 200,mol 02/mg Chl-h.
Extracts for measurement of F2,6P2 were prepared by a modification of the method in Stitt et al. (10) . Leaf material was frozen in liquid N2, powdered, extracted for 15 min in 0.6 ml 20 mm Hepes (pH 8.5) plus 2 mm EDTA, 4 ml methanol, 1 (12) . Other analyses were carried out from the same plant material. The chloroform phase was diluted with 10 ml ethanol for determination of Chl (10) and then centrifuged 10 min at 1500g and the sediment taken to measure starch as in Stitt et al. (9) . Sucrose, G6P, triose-P, UDP glucose, and FBP were measured as in Stitt et al. (11) in the extract prepared for F2,6P2 determination.
Nonaqueous fractionation of leaf material was carried out by a modification of a method used previously for rat liver (8) which will be described in detail elsewhere (Gerhardt, Kurzel, and Heldt, in preparation). In this technique, lyophilized material is ultrasonicated, subjected to nonaqueous density gradient centrifugation, and the distribution of metabolites compared with that of selected marker enzymes for the chloroplast and the cytosol in all the fractions collected from the gradient.
RESULTS AND DISCUSSION
Distribution of F2,6P2. The distribution of F2,6P2 between the chloroplast and cytosol of leaves was investigated after 14 h dark, and after 9 h light (Table I ). In both light and dark, 93 to 101% of the total F2,6P2 was found in the cytosol. Within the limitations of the technique, it is not possible to establish that F2,6P2 is totally absent from the chloroplast, but if it were present, it would be only at low levels. Figure IA , the diurnal alteration in F2,6P2 was studied more in detail. Within 5 min of illumination, the amount of F2,6P2 actually decreased, but there was subsequently a gradual increase during the day. When the plants were darkened, the F2,6P2 level decreased within 5 min.
In the same samples, the amounts of starch and sucrose, and of three metabolites located predominantly in the cytosol were measured. Identical results have been obtained in more detailed studies of carbohydrate and metabolite levels in spinach leaves during a 24-h diurnal cycle which will be presented elsewhere (Gerhardt, Stitt, and Heldt, in preparation). After the onset of illumination, there is a rapid accumulation of sucrose in the leaf (Fig. 1B) , which later slows down. This accumulation of sugar presumably reflects the difference between the rate at which sucrose is being synthesized, and the rate at which it is being exported from the leaf. In contrast, the accumulation of starch starts with a marked lag. A similar lag has been observed before the onset of starch synthesis in pea (9) and sugar beet (2) leaves. Starch accumulation is thought to provide a way of storing photosynthate temporarily in the leaf when the CO2 fixation exceeds the rate at which sucrose can be exported or stored in the leaf.
The amount of DHAP varied greatly between light and darkness, being hardly detectable in the dark (Fig. IC) (see also 11) . As the majority of the DHAP is in the cytosol (11), this implies that there is a large increase in the cytosolic FBP in the light. G6P was measured as an indicator for the cytosolic hexose mono-P, rather than F6P which apparently has a less asymmetric distribution (Gerhardt, unpublished). Considerable amounts of G6P were present in the dark (see also 11), and the amount increased by one-half within the first 5 min of illumination, continued to rise gradually throughout the day, and dropped sharply upon darkening. The UDP glucose content rose gradually throughout the day as well, but did not fluctuate greatly between day and night. As is discussed elsewhere, an increase in G6P, UDP glucose, and triose-P is likely to be accompanied by a decrease in the cytosolic Pi (11). Thus, it appears possible that the cytosolic Pi decreases upon illumination, and that a further decrease occurs in the course of the day. This would be consistent with the view that Control of F2,6P2 by Light and Sugars. The complex diurnal alterations in F2,6P2 content can be accounted for by a model involving two factors. On the one hand, light appears to have an effect, as the F2,6P2 is halved within 5 min of the start of illumination. Elucidation of the mechanism involved must await a comparison of the conditions in the cytosol with the properties of the enzymes responsible for synthesizing and degrading F2,6P2 in leaves. On the other hand, during prolonged illumination the F2,6P2 level increases again, suggesting that some process occurring slowly in the light leads to an accumulation of F2,6P2. Upon darkening, this gradual effect seems to be rapidly reversed, as the F2,6P2 level falls.
The slow accumulation of F2,6P2 correlates with the accumulation of sucrose in the leaf, suggesting that it might be related somehow to the increasing amount ofsoluble carbohydrate present in the leaf. This possibility was investigated by floating spinach leaf discs in various sugars in the dark (Table II) . Compared to the control (sorbitol), a large increase in the F2,6P2 content was produced by glucose, and a smaller one by sucrose. The extent of the response to exogenously supplied sucrose was variable, sometimes being as large as that to glucose (not shown). This variability might be due to differences in the extent to which leaves utilize exogenously supplied sucrose. After 30 min illumination of the discs, the levels of F2,6P2 increased, but the differences between the treatments remained. In the presence of mannose, F2,6P2 almost disappeared. The increase in the amount of F2,6P2 in response to increased amounts of soluble sugars is analogous to the situation in liver, where supplying glucose leads to a raised level of F2,6P2 (5). With liver, glucose acts by leading to an increase in the F6P concentration, which is a positive effector of PFK-2 (5), the enzyme synthesizing F2,6P2. It is tempting to speculate that a similar mechanism may be operating in spinach leaves as the PFK-2 from spinach leaves is also stimulated by F6P (Cseke and Buchanan, unpublished), and both prolonged illumination as well as incubation of discs on glucose or sucrose increased the content of G6P (see above).
The Regulation of Sucrose Synthesis. Previous studies have shown that, in the presence of a given concentration of F2,6P2, the cytosolic FBPase is effectively inhibited by AMP (1, 10) and by decreases in the FBP/Pi ratio (10). As will be shown elsewhere (11) , the flux over the cytosolic FBPase in situ is indeed sensitive to the rate at which triose-P is being made available by the chloroplasts during photosynthesis in varying light intensities or CO2 concentrations. These results suggest a feedforward control of the cytosolic FBPase so that activity is stimulated as energy or carbon substrate is made available. On the other hand, an increasing F2,6P2 concentration directly inhibits the cytosolic FBPase, as well as modifying the response to AMP, FBP, and Pi (1, 10) . This implies that the response of the cytosolic FBPase to a given supply of energy and triose-P can be modified by alterations in the F2,6P2 level.
Our results suggest that a light-mediated decrease in F2,6P2 is not the principal factor involved in stimulating sucrose synthesis in the light as compared to the dark. A transitory decrease in the F2,6P2 level immediately after illuminating leaves (Fig. IA) will favor conversion of triose-P to sucrose, but for much of the day there is actually more F2,6P2 present than in the night. In leaf discs (Table II) Figure 1 suggest that F2,6P2 may be involved as the start of starch synthesis is accompanied by a 3-to 4-fold increase in the F2,6P2 level. This will tend to restrict the activity of the cytosolic FBPase, even although the triose-P level remains high and the Pi may even be decreasing (see above). A partial inhibition of the cytosolic FBPase will allow more triose-P to be retained in the chloroplast for conversion into starch. It might be noted that a control of sucrose-P synthase is also indicated by the increase in the levels of G6P and UDP glucose during the course of the day. In order to confirm these suggestions, further experiments are required to establish how sucrose-P synthase is regulated, and to clarify whether the level of F2,6P2 changes directly in response to alterations in the levels of sugars, or as a response to an inhibition of sucrose-P synthase which leads to a subsequent accumulation of phosphorylated metabolites in the cytosol.
In conclusion, the role of F2,6P2 in photosynthetic sucrose metabolism is more complicated than that of a simple switch between light and dark. By sensitizing the cytosolic FBPase to inhibition by AMP and a declining FBP/Pi ratio, F2,6P2 contributes to the control of sucrose synthesis in response to the available supply of substrate and energy. In addition, our studies raise the possibility that F2,6P2 may act as a signal that sucrose or glucose are abundant and that gluconeogenesis can be decreased, which would be analogous to the situation in liver (5) .
